This paper presents plasma-induced blood coagulation and its pilot application in rat hepatectomy by using a home-made pulsed cold plasma jet. Experiments were conducted on blood coagulation in vitro, the influence of plasma on tissue in vivo, and the pilot application of rat hepatectomy. Experimental results show that the cold plasma can lead to rapid blood coagulation. Compared with the control sample, the plasma-induced agglomerated layer of blood is thicker and denser, and is mostly composed of broken platelets. When the surface of the liver was treated by plasma, the influence of the plasma can penetrate into the liver to a depth of about 500 μm. During the rat hepatectomy, cold plasma was proved to be effective for stanching bleeding on incision. No obvious bleeding was found in the abdominal cavities of all six rats 48 h after the hepatectomy. This implies that cold plasma can be an effective modality to control bleeding during surgical operation.
Introduction
Disinfection and sterilization are the best-known biological applications of non-thermal plasma. The low-pressure H 2 O 2 plasma sterilizer is the most successful commercialized medical device which has been sold all over the world for more than 20 years [1] .
In the last decade, atmospheric cold plasma has shown great potential in many clinical aspects when acting on the human body, such as with skin disinfection [2] , wound treatment [3] , cancer therapy [4] , dermatology [5] , dentistry [6] , and so on. Compared with traditional medical technologies, the emergence of clinical plasma medicine has already shown distinct advantages in pilot applications, for instance, in relation to severe burns or chronic wounds. Plasma medicine is considered to be an unlimited potential tool for disease control in the future [7, 8] . However, the mechanism of plasma medicine has not yet been fully understood due to the complexity of cells/tissue and the instantaneity of plasma [9, 10] .
Fridman first reported plasma-induced rapid blood coagulation in 2006 [11] . A drop of blood on a stainless steel surface coagulated on its own in about 15 min, while a similar drop treated for 15 s by floating-electrode dielectric barrier discharge plasma (FE-DBD) plasma coagulated in under one min. Kalghatgi et al found that the discharge treatment acts directly on blood protein factors involved in the coagulation [12] . The aggregation of fibrinogen was supposed to be an important coagulation factor. By using a plasma jet, Baik et al investigated the selective toxicity on red blood cells (RBCs), white blood cells (WBCs) and platelets with different supply gases [13] . The WBCs were damaged immediately after exposure. Among the tried feed gases, Ar showed the least toxicity, N 2 induced the most hemolysis, and air induced the biggest difference in the WBC differential. The internal mechanism of plasma blood coagulation is not yet clear and needs further investigation.
Plasma jets have been the most popular sources for plasma medicine [14] . We introduced a handheld pulsed cold plasma jet for medical application in our previous work [15] . In this paper, we present our recent research on cold plasmainduced coagulation. It shows another possible application in surgical operation such as hepatectomy to stanch bleeding and to reduce blood loss. Figure 1 shows our home-made integrated plasma jet device, which was reported in our previous work [15] . It consists of a microsecond pulsed power source and a handheld jet gun. The pulsed power source could produce high-voltage pulses with a peak voltage up to 8 kV, a pulse width of 1-2 μs, and a repetition rate up to 30 kHz (i.e. kpps, kilo pulses per second). Cylinder gas was used for the present setup. Helium gas was used for the plasma jet generation. The diameter of the jet gun was about 25 mm, while the diameter of the plasma jet was about 4 mm with a maximum length of 10 cm. The average plasma power was less than 10 W. Because of the narrow pulse width and small power, the generated plasma jet could be directly applied onto human skin, as shown in figure 1.
Experiments and methods

Plasma source
Animals
Six male Sprague Dawley rats weighing 250-350 g each and six male C57BL/6 mice weighing 22-25 g each were applied to hepatectomy and exploratory examination. The animals were supplied by the Laboratory Animal Center at the Zhejiang Academy of Medical Sciences. All animals in groups of three were raised in a temperature and humidity-controlled independent ventilated cage in the Specific Pathogen-Free Experimental Animal Laboratory of the First Affiliated Hospital of Zhejiang University, School of Medicine and were allowed free access to food and water. All procedures outlined in this study were conducted under guidelines and approved by the Animal Care and Use Committee of the First Affiliated Hospital of Zhejiang University, School of Medicine.
Plasma-stimulated blood coagulation in vitro
Blood was obtained from the femoral vein of the living rat by using syringes and a blood collection needle. Two drops (50 μl for each) of whole blood without anticoagulant were put on the slide surface separately. One of them was used as a control sample, and the other one was treated by the plasma jet for 30 s. The drops were placed in a wet box for 15 min at room temperature, and then the blood clots were collected to detect changes of microstructure and ultrastructure using a microscope and transmission electron microscope (TEM).
Exploratory examination
The mice were anaesthetized by an intraperitoneal injection of 40 mg ml −1 ketamine normal saline solution with a dose of 20 mg kg −1 body weight. The abdomens of the animals were shaved, prepared with 75% alcohol and opened via a middle incision. Ligaments including the falciform ligament, triangular ligament and gastrohepatic ligament around the liver graft were cut. The left liver lobe was placed and stretched on a piece of normal saline-saturated sterile gauze and treated with a plasma jet (gas flow rate: 4 l min −1 ; frequency: 18 kHz; voltage: 6 kV) for 180 s at a distance of 3 cm. After being heparinized with a 0.1% heparin sodium solution, the portal vein was incised at the level of the superior mesenteric vein, and cannulated with a catheter at the proximal end of the abdominal aorta, and infused with a 5 ml ice-cold normal saline under low pressure (about 1 m hydraulic pressure). Meanwhile, the mice were sacrificed and the superior vena cava was clamped and the infrahepatic vena cava was cut to let the perfusate escape. After perfusion, the liver became yellow and then was collected for further investigation.
Hepatectomy
The rats were anaesthetized by an intraperitoneal injection of 40 mg ml −1 ketamine normal saline solution with a dose of 20 mg kg −1 body weight. The abdomens of the animals were shaved, prepared with 75% alcohol and opened via a middle incision. The left lobe of the rat liver was disassociated by cutting around its ligaments. The surface of the surgical cutting line had been treated with a plasma jet for 30 s (He: 4 L min −1 ; frequency: 18 kHz; voltage: 6 kV) at a distance of 3 cm as the pretreatment of the hepatectomy. The cutting line was set at about 1/3 to the lower edge of the left lobe and approximately parallel to the lower edge. The surgery was operated along the lne approximately parallel to the lower edge of left liver lobe and with distance of 0.5 cm. The incision was treated with the jet for 30-60 s to stanch macroscopic bleeding and then another incision of less than 0.5 mm was performed until all of the 1/3 left lobe had been cut down. After the surgery, 120 s postoperative plasma treatment and 10 min of observation followed, and all visceral organs were placed orthotopically into the abdominal cavity and the incision was sutured with a 4-0 nylon ligature. The rats were sacrificed for further investigation 48 h after the surgical operation.
Histological examination
Liver tissue was collected from the animal treatment groups. Liver and coagulated blood samples were fixed in paraformaldehyde, dehydrated, embedded in paraffin, and sections were cut and fixed on glass slides. Hematoxylin-eosin (HE) staining was performed to check the tissue histology with a Zeiss AX10 microscope (Zeiss, Germany).
TEM
Samples were fixed with 2.5% glutaraldehyde and then 1% OsO 4 . After the dehydration through a graded ethanol series and acetone, and three washes with 100% (v/v) acetone (30 min), the samples were embedded in Epon812. 100 nm ultrathin sections were routinely processed with an Ultramicrotome Leica EM UC7 (Wetzlar and Mannheim, Germany) and placed on 300 mesh nickel grids. After being stained with 5% uranium acetate and 1% lead citrate, samples were analyzed by a Hitachi-7650 (Hitachi, Japan). 
Results and discussion
Plasma-induced blood coagulation
Figures 2(A) and (B) present the macroscopic appearances of the blood coagulation of the control drop and the drop treated by plasma for 30 s, respectively. Comparing these two figures, it is seen that there is a difference in the refractive index and fluidity on the surface of the blood drop, namely due to swinging the slide from side to side more gently for the treated blood drop. To visualize the microstructure of the experimental blood drops, the samples were first embedded with paraffin and cut into 5 μm slices, and then stained with HE. Figures 2(C) and (D) give the HE stained microstructure for the control drop and the treated drop, respectively. Compared with the control sample, the plasma-induced agglomerated layer of blood is thicker and denser.
The ultrastructure investigated by the TEM illustrates the differences under the surface of the coagulated blood between the spontaneous rat blood agglutination and the cold plasmapromoted agglutination. Figure 3(A) shows different sections of red cells (indicated by the red arrows) and the high electron density area agglomerated with platelets (marked with the black dash-dot lines) in the spontaneous agglutinated blood. Figure 3(B) reveals the different sections of red cells (indicated by the red arrows) in the cold plasma-promoted agglutinated blood sample. Compared with figure 3(A) , the difference is that there was a strip zone along the blood surface blown by the plasma jet. Figure 3(C) gives the magnified image of the zone marked by the dash-dot lines in figure 3(A) . It can be seen that on the surface of the coagulated blood sample there was only a thin and dark line with high intensity electron density between the red arrows. Red blood cells could be found inside the coagulated blood (indicated with the red Δ in figure 3(C) ). Furthermore, there were massive platelets agglomerated inside the sample (marked with the black dash-dot lines in figure 3(A) ). Figure 3(D) presents the magnified image of the zone marked by the dash-dot lines in figure 3(B) . It can be found that in addition to red cells (indicated with the red Δ in figure 3(C) ), there was a strip zone (between the red ] and^in figure 3(D) ) along with the surface of blood coagulation mainly composed of agglomerating platelets. Figure 3(E) shows the magnified image of the zone marked by dash-dot lines in figure 3(C) . We find that inside of the platelet agglomeration internal particles of platelets full of enzymes are left intact (indicated with the red^symbols in figure 3(E) ). On the periphery of agglomeration, there was one platelet also kept perfect (indicated with the red Δ in figure 3(E) ). Figure 3(F) shows the magnified image of the zone marked by dash-dot lines in figure 3(D) . In contrast to the results shown in figure 3(E) , it can be seen that there were broken traces to internal particles of the platelet (indicated with the red Δ symbols in figure 3(F) ).
Actually, blood is composed of cells suspended in plasma, which is a complex solution, and the mechanism of plasma-induced blood coagulation has not yet been fully understood, and needs to be studied further. The controlled bleeding may have a relationship with reactive oxygen and nitrogen species (RONS) produced in plasma, such as nitric oxide (NO), hydroxy (OH), peroxynitrite (ONOO − ), etc [16] [17] [18] [19] . Within the present research, we found that blood platelets are an important factor for plasma-induced coagulation. In our follow-up study, we would study the mechanism further; for instance, exploring the influence of RONS on blood platelets, the relationship between the dose of RONS and the rate of bleeding, etc.
Plasma treatment of liver surface
Open surgery of the C57BL/6 mice was performed along the medioventral midline to expose the liver, as shown in figure 4(A) ; the area circled with the red dash-dot lines was treated with cold plasma for 180 s. The blood was flushed out from the treated liver with 5 ml of 4°C physiological saline solution, and then the liver was cut out and used as a sample, as shown in figure 4(B) . The area treated by plasma is circled by the red dash-dot lines in figure 4(B) , and red pigment can be found on the surface of the treated area. The tissue specimen of zones 1 and 2 marked with black dash-dot lines were selected for paraffin embedding, slicing and HE staining. Zone 1 in figure 4 (B) was used as control sample, and its microstructure is shown in figure 4(C) . Zone 2 in figure 4(B) was used as the treatment sample, and its microstructure is given in figure 4(D) . It is seen that under the surface of the liver (between the green arrows in figure 4(D) , about 500 μm in depth), there are red blood cells adhered to the liver sinusoidal epithelial cells which had not been flushed out by the normal saline solution. Figure 4 (E) gives a magnified structure of the area marked by dash-dot lines in figure 4(C) , and we can see that there were obvious cavities of sinus space (indicated by the green^symbols in figure 4(E) ). Figure 4(F) shows the magnified structure of the area marked by the dash-dot lines in figure 4(D) . It is noteworthy that there were many red cells remaining in the sinus space (indicated by the green^symbols of figure 4(F) ) under the surface of the plasma-treated liver.
Plasma application in hepatectomy
This preliminary study was designed to show the possible potential of the clinical application of plasma-induced blood coagulation. At present, a large number of animal testing and quantified analysis cannot yet be provided. For this reason, six rats were used for the liver lobe resection to study the feasibility of plasma coagulation during surgery.
Based on the protocol introduced in the method section, cold plasma-assisted homeostasis during rat hepatectomy was performed, and proved to be feasible and effective, as shown in figure 5(A) . A piece of tissue from the lower left lobe of the rat liver, with a dimension of 2×1 cm 2 , was delicately incised successfully without bleeding, as shown in figure 5(B) . The rats were sacrificed by euthanasia 48 h after the hepatectomy, and the resected livers were collected to investigate the oozing of blood under the incision. There was no obvious bleeding found in the abdominal cavities of all six rats. On the surface of the incision, the blood cells were shown to be congested along with the incised line (indicated with the green^symbols in figures 5(C) and (D)). It is noted that there was a clue indicating the postoperative capillary hemorrhage (indicated by the red Δ in figure 5(D) ), and that there were vascular branches close to the incision (circled with the green dot-dash lines in figure 5(D) ). It indicated that there will be traditional methods combined with plasma-promoted hemostasis to stanch bleeding while large vessels need to be sectioned during operation, for example, by ligation.
From the experiments mentioned above, it is shown that pulsed cold plasma could lead to the rapid coagulation of blood exposed to air. With a 30 s stimulation of helium gas plasma, a semitransparent film was formed under the surface of the treated blood in vitro, which was mainly composed of activated and agglutinated platelets. After the Glisson's capsule of the mice liver was treated for 180 s with the cold plasma jet, there were numerous red blood cells lingering in the space of Disse, which cannot be flushed out by saline solution perfusion. This implies that the effect of plasmainduced blood cells agglutination could penetrate into the area beneath the surface layer.
Cold plasma has been proved to be effective in applications such as sterilization, wound healing, skin treatment, etc. Within the present work, the hepatectomy of rats provides another possible potential application of cold plasma in clinical surgery, namely for stanching bleeding. Generally, bleeding is a feared technical complication of surgery and can be the grounds for urgent reoperation, especially for hepatectomy. During the surgical operation of a liver, tactile and visible bleeding is normally treated with ligation by surgeons, however, undetectable blood oozing from tiny vascular is inevitable, which is traditionally treated by instruments such as an argon beam coagulator and an endotherm knife, and methods such as laser burning [20, 21] . These devices and practices employ heat to realize bleeding stanching, and thus risk damaging adjacent tissue. Moreover, they usually result in a proteinburning smell and fine particle emission during surgical operations, which are very uncomfortable effects for surgeons. Compared with these traditional devices, the cold plasma jet has obvious advantages to overcoming these problems due to its low temperature. Furthermore, cold plasma can sterilize the incision and promote its recovery. This is the reason why cold plasma is worth being chosen for bleeding control. 
Conclusions
Pulsed cold plasma jet can stimulate blood coagulation instantly and effectively, by inducing a transparent white membrane mostly composed of platelet aggregation on the whole blood surface. The possibility of employing cold plasma as an exclusive modality to stanch bleeding during rat hepatectomy was investigated. It proved that cold plasma has a favorable prospect in stanching bleeding during surgical operation. It is independent of thermal effects and could control hemorrhages quickly and it also shows high potential in developing new generation hemostatic devices.
A thin layer of membrane formed on the surface of the blood plays an important role in blocking blood from truncated vasculars. More detailed investigation about the composition, thickness and strength of membranes and their relationship with the plasma dose is needed.
For all mice, the liver resection was successfully performed and all animals were kept alive during the expected observation period. Further investigation is necessary to develop a novel modality of stanching bleeding with cold plasma for human clinical practice.
